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Abstract: Mechanistic target of rapamycin (mTOR) dysregulation is present in a variety 

of human pathologies including neurological disease, cancer, diabetes, and cardiac disease. 

Hyperactivation leads to increased protein synthesis and cell growth, which are essential for 

growth, development, and cancer. Inhibition of mTOR results in induction of autophagy, a cell 

survival mechanism thought to be deficient in neurodegeneration. Counteracting the balance of 

mTOR signaling with target specific inhibitors is of interest in pathological conditions where 

mTOR signaling is upregulated. The US Food and Drug Administration (FDA) has approved 

the use of rapamycin for treatment of renal cell, pancreatic neuroendocrine, and hormone positive 

breast cancer. Many clinical trials are underway to determine the efficacy of mTOR inhibitors in 

other pathologies as monotherapies or combinational therapies with chemotherapeutics, tyrosine 

kinase inhibitors, molecular targeted therapies, and vascular endothelial growth factor (VEGF) 

inhibitors. Collectively, this review is an overview of the current practices and outcomes of 

pharmaceutically targeting this highly studied mediator of normal and aberrant cell function.

Keywords: signal transduction, small molecule inhibitors, translational impact, neurological 

diseases, cardiovascular disorders, diabetes, cancer

Introduction to mTOR signaling: biological 
significance, upstream modulators,  
and downstream effectors
Mechanistic target of rapamycin (mTOR) is amongst the most widely studied com-

plexes due to its fundamental importance in cell biology and cell signaling mechanisms. 

mTOR is expressed in all cells as it plays a critical role in cell growth, proliferation and 

migration, and is essential in normal development.1 Dysregulation of mTOR signal-

ing leads to various human pathological conditions including neurological diseases, 

cancer, diabetes, and cardiovascular complications. To date, numerous studies have 

been conducted to understand how to counterbalance this dysregulation in order to 

reverse or impede disease progression.

mTOR is a serine/threonine protein kinase associated in two distinct complexes, 

mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2). As shown in Figure 1, 

the accessory proteins regulatory-associated protein of mTOR (RAPTOR) and rapamy-

cin-insensitive companion of mTOR (RICTOR) define mTORC1 and mTORC2, 

respectively.2–4 mTORC1 also interacts with a negative regulator of AKT, named 

40 kDa proline-rich AKT substrate 1 (AKT1S1 or PRAS40).5 Other proteins that are 

specific to mTORC2 include: the protein observed with RICTOR (PRR5 or PROTOR) 

which is involved with complex assembly, and stress-activated mitogen-activated 
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protein kinase-interacting protein 1 (MAPKAP1 or mSIN) 

which plays a role in targeting mTORC2 to the membrane 

and is necessary in the phosphorylation of AKT (protein 

kinase B or PKB).6–8 Proteins common to both mTOR 

complexes include the negative regulator DEP domain-

containing mTOR-interacting protein (DEPTOR) and the 

positive regulator mammalian lethal with SEC13 protein 8 

(mLST8).9,10 A description of mTOR associated proteins and 

their functions are outlined in Table 1.

Great strides have been made in understanding mTOR 

signaling by using rapamycin and other pharmacological 

mTOR inhibitors. Rapamycin binds 12 kDa FK506-Binding 

Protein 1A (FKBP1A)-binding protein. Rapamycin-FKBP1A 

complex binds and inhibits RAPTOR-bound mTOR. 

Although rapamycin is an mTORC1 inhibitor, chronic 

exposure can inhibit mTORC2.11 These inhibitors have been 

important for delineating the upstream modulators and down-

stream effectors in the complex mTOR signaling cascade.

Upstream modulators of mTOR
mTOR is a modulator for protein synthesis, and regulates 

cell proliferation, cell growth, lipid synthesis, ribosomal 

biogenesis, and autophagy.12,13 mTORC1 acts as a primary 

sensor for nutrients, growth factors, oxygen, and energy by 

monitoring the abundance of resources available to determine 

if protein synthesis is feasible.

In response to amino acid uptake mTOR localizes to 

the lysosomal membrane surface where it can interact with 

Ras-related GTP binding protein B (Rag GTPase).14 Active 

Rag is recruited and anchored to the lysosomal membrane 

by the Ragulator complex (consisting of p18, p14, and MEK 

partner 1 or MP1) to interact with the GTP-bound RHEB 

(Ras homologue enriched in brain).15 The Ragulator–Rag 

complex acts as a docking site for mTORC1 to associate with 

the lysosome membrane. Both RHEB and the Rag–Ragulator 

complex are essential for the activation of mTOR in response 

to high levels of amino acids.15,16 When the Ragulator com-

plex is inactive, Rag GTPase is released from the lysosomal 

surface into the cytoplasm and is no longer able to activate 

mTORC1.15 Leucine appears to be at the crux of cells amino 

acid uptake linked to mTOR activation.17

Growth factors are regulators of mTORC1 activity 

(Figure 2), and insulin signaling has been extensively studied 

in this context. Insulin binding to its cell surface receptor 

activates the phosphatidylinositol 3-kinase (PI3K) pathway 

either directly or indirectly through mediator proteins such 

as insulin receptor substrate-1 (IRS-1). PI3K phosphorylates 

phosphatidylinositol 4,5-bisphosphate (PIP
2
) into phos-

phatidylinositol 3,4,5-trisphosphate (PIP
3
). Phosphatase and 

tensin homologue (PTEN) encodes a phosphatidylinositol-

3,4,5-triphosphate 3-phosphatase, which acts as a central 

negative regulator of PI3K, by acting on its substrate PIP
3
 

to convert it to PIP
2
, and then further reducing PIP

2
 to 

phosphatidylinositol 5-monophosphate.13,18 PIP
3
 activates 

3-phosphoinositide-dependent protein kinase-1 (PDPK1 or 

PDK1), which in turn activates the downstream effector AKT 

by phosphorylating threonine 308, while a second protein 

kinase (generally thought to be mTORC2) phosphorylates 

AKT Ser473. AKT then phosphorylates tuberous sclerosis 

complex (TSC) 2 and TSC2 binds and forms a complex with 

TSC1.19 The TSC1–TSC2 complex acts as a RHEB GTPase, 

and inhibits the RHEB activation of mTORC1.

Although the most relevant phosphorylation sites of 

TSC2 are unknown, AKT is predicted to phosphorylate 

TSC2 at five residues, Ser939, Ser981, Ser1130, Ser1132, 

and Thr1462.20 Phosphorylation of TSC2 attenuates mTOR 

activation and therefore downstream cellular processes 

mTORC1

RAPTOR

RAPTOR

PRAS40

mLST8

mLST8

DEPTOR

DEPTOR

mSIN1 PROTOR

mTOR

mTOR

mTORC2

Figure 1 mTORC1 and mTORC2 domains.
Notes: mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2) share 
common proteins negative regulator DeP domain-containing mTOR-interacting 
protein (DePTOR) and the positive regulator mammalian lethal with SeC13 protein 8  
(mLST8). Proteins specific to mTORC1 are regulatory-associated protein of 
mTOR (RAPTOR) negative regulator of AKT, named 40 kDa proline-rich AKT 
substrate 1 (AKT1S1 or PRAS40). Proteins specific to mTORC2 include rapamycin-
insensitive companion of mTOR (RiCTOR) protein observed with RiCTOR (PRR5 
or PROTOR), and stress-activated mitogen-activated protein kinase-interacting 
protein 1 (MAPKAP1 or mSiN).
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including cell growth, proliferation, mRNA translation, 

and lipid synthesis. A more extensive description of TSC2 

phosphorylation and its effects on mTOR activation can be 

reviewed elsewhere.21,22 Other proteins have been shown to 

interact with TSC2 having an either inhibitory or stimulatory 

affect. ERK phosphorylation of TSC2 at Ser540 and Ser664 

inhibits the protein’s activity while other proteins, such as 

AMPK and GSK3, activate TSC2.23–25 A comprehensive 

description of TSC activation and inactivation by various 

proteins can be found elsewhere.21

Insulin and other growth factors also effectively activate 

the RAS/RAF pathway, hence activating mTOR in PI3K inde-

pendent pathways. The RAS/RAF/MAPK pathway stimulates 

mTOR in a two-pronged mechanism. Activated extracellular 

signal-regulated kinase (ERK) 1/2 and its substrate p90 ribo-

somal protein S6 kinase (RSK) can inhibit TSC2 to activate 

mTORC1, or RSK phosphorylates RAPTOR, thereby activat-

ing mTORC1 directly.26,27

Altered metabolic state, DNA damage, hypoxia, and 

increased AMP:ATP ratio triggers AMP-activated protein 

kinase (AMPK) accumulation and activation.25 AMPK 

directly and indirectly inhibits mTORC1 by phosphoryla-

tion of RAPTOR and TSC2, respectively. Hypoxia can also 

inhibit mTOR signaling by an AMPK-independent mecha-

nism. Hypoxia can induce expression of proteins regulated 

in development and DNA damage response 1 (REDD1).28 

REDD1 promotes TSC complex assembly having an inhibi-

tory effect on mTOR.28,29

Table 1 mTOR associated proteins and their functions

Protein interactor mTOR 
complex

Function UniProtKB/Swiss-Prot 
accession

RAPTOR mTORC1 •  Functions as a scaffold for recruiting mTORC1 substrates.
•  Binds to 4eBP1 and RPS6KB1 independent of mTOR.
•  Binds to incomplete or nonphosphorylated forms of eiF4eBP1, and  

facilitates phosphorylation by mTOR.
•  interacts with ULK1 (mediates autophagy) and the interaction is reduced  

during starvation.
•  interacts (when phosphorylated by AMPK) with 14-3-3 protein, leading to  

inhibition of its activity.
•  Upregulates mTORC1 activity following insulin-stimulated phosphorylation  

at Ser 863 by mTOR and MAPK8.
•  Phosphorylated in response to osmotic stress at Ser 696, Thr 706, and  

Ser 863 by MAPK8.
•  Phosphorylated in response to growth factors at Ser 719, Ser 721, and  

Ser 722 by RPS6KA1, which stimulates mTORC1 activity.

RPTOR_HUMAN, Q8N122

RiCTOR mTORC2 •  Phosphorylated by mTOR in mTORC2.
•  Phosphorylated at Thr 1135 by RPS6KB1; phosphorylation of RiCTOR  

inhibits mTORC2 and AKT1 signaling.
•  Binds to mTOR and PROTOR within the mTORC2 complex.

RiCTR_HUMAN, Q6R327

PRAS40 mTORC1 •  Regulates mTOR activity based on PRAS40 phosphorylation state and  
binding to 14-3-3 proteins.

•  Phosphorylation of PRAS40 relieves inhibitory function on mTORC1.
•  inhibits RHeB-GTP-dependent mTORC1 activation.
•  Substrate for AKT1 phosphorylation, but can also be activated by  

AKT1-independent mechanisms.
•  May have a role in nerve growth factor-mediated neuroprotection.

AKTS1_HUMAN, Q96B36

PROTOR mTORC2 •  Role in regulation of PDGFRB expression and in modulation of platelet  
derived growth factor signaling.

PRR5_HUMAN, P85299

mSiN mTORC2 •  Required for complex formation and mTORC2 activity.
•  involved in ciliogenesis and regulates cilia length independently of mTORC2.

SiN1_HUMAN, Q9BPZ7

DePTOR mTORC1, 
mTORC2

•  Negatively regulates mTORC1 and mTORC2 signaling by inhibiting the  
kinase activity of both complexes.

•  interacts (via the PDZ domain) with mTOR.
•  Phosphorylation of DePTOR weakens the interaction with mTOR within  

mTORC1 and mTORC2.

DPTOR_HUMAN, Q8TB45

mLST8 mTORC1, 
mTORC2

•  interacts with mTOR and enhances activity.
•  Stabilizes the mTORC1-RAPTOR interaction under nutrient-poor  

conditions to favor the RAPTOR-mediated inhibition of mTORC1 activity.

LST8_HUMAN, Q9BvC4
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As another regulator of mTORC1, PRAS40 acts as 

both a component and a substrate of mTORC1. PRAS40 

and DEPTOR act as inhibitors of mTORC1 activity.13 AKT 

and mTORC1 both phosphorylate PRAS40, dissociating it 

from mTORC1 and relieving the inhibitory restraint it has 

on mTORC1.30 Dissociated PRAS40 is free to bind with 

14-3-3, sequestering it from interactions with mTOR. PIM-1 

(provirus integration site for Moloney murine leukemia virus) 

regulates mTOR activity by phosphorylating PRAS40 and 

dissociating it from mTORC1, while promoting mTORC1 

phosphorylation of 4EBP1.31

Downstream effectors of mTOR
Modulation of downstream mTORC1 effectors promotes 

protein synthesis, cell proliferation and inhibits autophagy, 

whereas mTORC2 is known to regulate cytoskeleton 

organization. Both mTOR complexes are major effector 

kinases of eukaryotic translation initiation factor 4E (eIF4E)-

binding protein 1 and p70 ribosomal S6 kinase 1 (p70S6K1), 

each regulators of mRNA translation.

p70S6K plays a crucial role in controlling cell cycle, growth, 

and survival. Phosphorylated p70S6K dissociates from eEF2K 

and phosphorylates elF4B. Phosphorylated 4E-BP1 dissociates 
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Figure 2 The mTOR signaling pathway.
Notes: Growth factors, hormones, and cytokines binds to cell surface receptors and activate the phosphatidylinositol 3-kinase (Pi3K) pathway. Pi3K phosphorylates 
phosphatidylinositol 4,5-bisphosphate (PiP2) into phosphatidylinositol 3,4,5-trisphosphate (PiP3). PiP3 activates 3-phosphoinositide-dependent protein kinase-1 (PDK1), which 
in turn activates the downstream effector AKT. AKT then phosphorylates tuberous sclerosis complex (TSC) 2, and TSC2 binds and forms a complex with TSC1. TSC1–TSC2 
complex inhibits RHeB activation of mTORC1. PRAS40 also acts as a negative regulator of mTORC1 and is sequestered by 14-3-3. PiM-1 phosphorylates PRAS40, dissociating 
it from mTORC1, while promoting mTORC1 phosphorylation of 4eBP1. mTORC 1 activates p70S6K, and 4eBP1 which controls cell cycle and progression, protein synthesis, 
cell proliferation, and survival. p70S6K1 works via negative feedback to inhibit mTOR signaling. mTORC1 activation also stimulates lipid synthesis, adipogenesis through 
stimulation of Lipin1, as well as mitochondrial output through STAT3 signaling. Hypoxia, stress, and glucose inhibit the mTOR pathways through activation of TSC, and in 
the case of glucose signaling through direct interactions with mTORC1. Amino acid signaling activates mTORC1 through formation of the Ragulator complex and activation 
of its effector protein RAG. mTORC2 modulates cell growth and survival. mTOR2 is directly upstream of AKT, which then stimulates mTORC1 activation. mTORC2 
phosphorylates and activates effector molecule protein kinase C (PKC), a member of the MAPK/eRK signaling pathway. The RAS/RAF/MAPK pathway stimulates mTOR 
signaling. Activated extracellular signal-regulated kinase (eRK) 1/2 and its substrate p90 ribosomal protein S6 kinase (RSK) can inhibit TSC2 to activate mTORC1, or RSK 
phosphorylates RAPTOR.
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from elF4E allowing the elF4 trimer to form (consisting of 

eIF4A, eIF4E, and eIF4G). p70S6K also phosphorylates 

elF4B, thereby activating binding to the trimer to allow the final 

elF4 complex to bind mRNA and affect translation initiation 

and elongation. p70S6K promotes cell cycle progression from 

G
1
 to S phase by translational regulation of cyclin-D1 and pos-

sibly p21 cyclin-dependent kinase inhibitor 1A (p21 or Cip1).32 

p70S6K regulates cell survival through the intrinsic apop-

tosis mechanism. Bcl-2-associated death promoter (BAD) 

is hyperphosphorylated in the absence of p70S6K and acts 

to induce apoptosis. However, active p70S6K blocks this 

effect.33 p70S6K1 works via negative feedback to inhibit both 

mTOR complexes. It is a negative regulator of mTORC2 as it 

is both required and sufficient to promote phosphorylation of 

RICTOR phosphorylation, primarily on the Thr1135 residue.34 

It also inhibits IRS-1 in the insulin-signaling pathway directly 

or indirectly through growth factor receptor-bound adaptor 

protein 10 (GRB10).

mTOR also plays a pivotal role in lipid homeostasis. 

Treatment with rapamycin blocks the transcription of 

genes associated with lipid synthesis. Although the exact 

mechanism is unknown, mTORC1 phosphorylates Lipin 1. 

Lipin 1 is then exported from the nucleus, reducing the overall 

nuclear concentration of sterol responsive element binding 

protein (SREBP), and promotes lipogenesis.35,36 Lipin 1 also 

induces transcription of peroxisome proliferator-activated 

receptors gamma (PPARγ) for adipogenesis.36,37

mTOR is important in the regulation of various tran-

scription factors including STAT3 (signal transducers and 

activator of transcription 3), c-Myc, and FOXO (Forkhead 

box O) proteins. Phosphorylation of STAT3 by mTOR regu-

lates energetic output of mitochondria.38 c-Myc and FOXO 

proteins are involved in a variety of physiological processes 

including cell differentiation, proliferation, and cell growth. 

c-Myc inhibits anti-apoptotic proteins and activates pro-

apoptotic proteins.39 c-Myc relies on mTOR phosphoryla-

tion by 4EBP1, and acts as a negative regulator of TSC1, 

S6, and IRS-1. FOXO proteins are phosphorylated by AKT 

and SGK1 (serum and glucocorticoid-induced kinase 1). 

Activated FOXO1 inhibits TSC2, and thus favors activation 

of the mTOR pathway.

In addition, mTORC2 is a main modulator of cell growth 

and survival. mTORC2 is directly upstream of AKT and 

phosphorylates it at the residue Ser473. mTORC2 activa-

tion of AKT stimulates downstream mTORC1. mTORC2 

also phosphorylates and activates effector molecule protein 

kinase C (PKC). PKC is a member of the MAPK/ERK 

signaling pathway and controls cell growth, cell polarity, 

and migration.

mTOR signaling in neurological 
diseases: review of recent data
mTOR is present in all tissues but has the highest expression 

levels in brain and skeletal muscles. Knockout of mTOR is 

an embryonically lethal mutation emanating from its impor-

tance in early embryo cell size regulation, cell proliferation, 

and overall neurological development.1 Dysregulation of 

mTOR has been associated with a variety of neurological 

pathologies including TSC, neuronal malignancies, neurofi-

bromatosis type I (NF1), epilepsy, neurodevelopmental dis-

orders including autism spectrum disorder (ASD), as well as 

numerous neurodegenerative diseases. More specifically, the 

role of mTORC1 signaling changes throughout development. 

Active expression of mTOR in embryonic presynaptic corti-

cal neurons leads to neuronal apoptosis in mice. Conversely, 

activated mTORC1 in postmitotic neurons leads to cortical 

hypertrophy and epilepsy. Chronic mTOR activation leads to 

accumulation of neuronal cytosolic inclusion bodies indicative 

of neuronal degeneration.40

Tuberous sclerosis complex (TSC)
TSC is a rare autosomal dominant disorder where benign 

tumors grow throughout the body most commonly in the 

brain, skin, lung, heart, and kidneys. The central nervous 

system is also usually affected in TSC resulting in seizures, 

developmental, and behavior problems, subependymal nod-

ules, and subependymal giant cell astrocytomas (SEGAs). 

Genetic or spontaneous mutations in either TSC1 or TSC2 

genes, which encode for hamartin or tuberin, respectively, 

inhibit the TSC from forming. By blocking TSC formation 

the mTOR pathway is hyperactivated resulting in cell growth 

and proliferation, and leading to tumorigenesis. Rapamycin 

has been reported to reduce renal tumors, astrocyte prolif-

eration, and epilepsy in TSC preclinical mouse models.41,42 

Clinical trials have been conducted to determine the effec-

tiveness of mTOR inhibitors in human patients suffering 

from TSC. The mTOR inhibitor everolimus (RAD001) has 

been shown to yield significant reduction in TSC related 

SEGA and renal angiomyolipoma tumor burden leading to 

treatment approval.43

epilepsy
Epilepsy is a chronic and sometimes progressive neu-

rological disease characterized by recurrent seizures. 
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Antiseizure medications are only symptom moderating, not 

molecularly modulating treatments. Antiepileptic medica-

tions are preventative therapies for those who have not 

already developed the disease. By definition, neither of these 

treatments are cures and new drug therapies are important 

for future epilepsy treatment.

Epileptic seizures are a common symptom of TSC. TSC 

provides the clearest association between mTOR dysregula-

tion and epilepsy. Moreover, TSC mouse models highlight 

the importance of mTOR signaling in epilepsy. Treatment 

with mTOR inhibitors before symptomatic seizure onset 

prevents the development of epilepsy and premature death in 

TSC1 conditional knockout mice.42 TSC mouse models with 

altered protein activation or expression upstream of mTOR, 

including PTEN knockout mice, provide evidence of mTOR 

activation in epilepsy. A single dose of rapamycin was suf-

ficient to prolong epilepsy recurrence for several weeks in 

PTEN conditional knockout mice. Intermittent prolonged 

treatment also increased overall survival.44 Non-TSC related 

epilepsy models using mTOR inhibitors have also shown 

promising results for reducing seizures.45,46

Developmental disorders
mTOR is involved with many critical neurodevelopment 

processes. mTOR regulates neuronal axon and dendrite 

formation. Furthermore, synthesis of proteins that modulate 

synaptic plasticity and long-term memory are regulated 

by mTORC1.47,48 In particular, ASD are a group of neu-

rodevelopmental disorders characterized by difficulties in 

social interaction, verbal and nonverbal communication, 

and repetitive behavioral disorders. These disorders have a 

morphological and functional deficiency in neurons. It is now 

known that dysregulation of mTOR is associated with ASD 

including Fragile X, Rett, and Down syndrome.49

Fragile X syndrome (FXS) is the leading cause of inher-

ited mental disability, and the leading cause of autism. FXS 

is caused by a trinucleotide CGG expansion in the fragile X 

mental retardation gene (FMR1) arresting fragile X mental 

retardation protein (FMRP). In terms of the mTOR signaling 

pathway, FMRP is a repressor for PIKE (phosphoinositide 

3-kinase enhancer), an upstream activator of PI3K,50 and 

Fmr knockout mice exhibit upregulation of PIKE-dependent 

mTOR pathway.51,52

Rett syndrome is a postnatal neurological disorder caused 

by mutations on the methyl-CpG binding-protein 2 (MECP2) 

gene. mTOR signaling is responsible for MECP2 synthesis 

and unlike other neurological disorders discussed, Rett syn-

drome patients have decreased mTOR signaling.53

Down syndrome is the most common genetic neurode-

velopmental disorder causing mental retardation. Central 

mTOR pathway proteins are hyperactivated in human Down’s 

syndrome brain tissues, while IRS-1 activity is decreased.54 

The AKT/mTOR signaling pathway is overexpressed in early 

hippocampal development in patients with Down syndrome, 

and there is increased expression of phosphorylated proteins 

such as S6, S6 kinase, eIF4E-binding protein 1, and mTOR.55 

Rapamycin has been shown to restore normal levels of phos-

phorylated mTOR in a Down syndrome murine model.56

Non-TSC related brain malignancies
The severity of gliomas correlates to the mTOR pathway 

activation.57 Mutations resulting in constitutively active 

PI3K or loss PTEN are found in nearly all glioblastomas.57–60 

Inhibition of mTOR is a compelling treatment option patients 

who suffer from non-TSC related neoplasias, such as gliomas. 

The mTOR inhibitor CCI-779 (temsirolimus) reached 

Stage II clinical trials. Temsirolimus was well tolerated in 

patients with recurrent glioblastoma multiform (GBM) when 

given a weekly dose of 250 mg, albeit there was no sign 

of efficacy in these patients.61 Temsirolimus administered 

weekly at the dose of 75 mg/m2 also did not show efficacy in 

children with high-grade gliomas.62 Despite the lack of clini-

cal efficacy, the high tolerability of temsirolimus has made it 

desirable for studies in combination with chemotherapeutics, 

vascular endothelial growth factor (VEGF) inhibitors, and 

other molecular targeted therapies. However, clinical trials 

have not shown promising combinational therapies of tem-

sirolimus with bevacizumab (VEGF inhibitor), sorafenib 

(Raf inhibitor), erlotinib (EGFR inhibitor), or radiation 

therapy.63–66 Most of these studies have failed on account 

that temsirolimus doses in combination with other therapies 

have a lower maximum tolerated dose then what is clinically 

advantageous.

Inhibition of mTOR may result in a positive feedback 

resulting in increased transcription and/or activation of PI3K. 

This upregulation may explain the inefficiency of traditional 

mTORC1 inhibitors in clinical trials. Studies using dual 

PI3K/mTOR and mTORC1/2 inhibitors alone or in combina-

tion with other drugs in clinical trial for GBM treatment are 

underway. In patient derived cell lines, treatment with ERBB 

inhibitor PF-00299804 (dacomitinib) causes GBM apoptosis, 

but does not alter PI3K/mTOR hyperactivation or the cell 

proliferation profile. Cells treated with a combination of 

dacomitinib and the dual PI3K/mTOR inhibitor PF-05212384 

inhibited cellular proliferation of GBM cells and had a syn-

ergistic effect, increasing the induction of GBM apoptosis 
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compared to dacomitinib alone.67 NVP-BEZ235 binds to the 

ATP-binding site and inhibits both PI3K and mTOR and has 

been shown to specifically block dysfunctional PI3K signal-

ing in cancer cells.68

In a human xenograft GBM nude mouse model, human 

luciferase expressing tumors were grown intracranially. 

Newly discovered mTOR/PI3K inhibitor XL765 treatment 

resulted in a 12-fold reduction in tumor burden as determined 

by bioluminescence, and Temozolomide (TMZ) treatment of 

mice resulted in a 30-fold decrease in bioluminescence. The 

combination of XL765 and TMZ yielded a 140-fold reduction 

and increased median survival.69 A second newly discovered 

dual mTOR kinase ATP-competitive inhibitor, CC214-2, has 

been shown to inhibit rapamycin-resistant glioblastoma cell 

growth in vivo.70 Clinical studies are needed to address the 

tolerance and efficacy of the combination of PI3K/mTOR or 

mTORC1/mTORC2 and ERBB inhibition or chemotherapeu-

tics in patients suffering from GBM.

Neurodegeneration
The hallmark of classical neurodegenerative diseases such 

as Alzheimer, Parkinson, and Huntington diseases is the 

accumulation of misfolded proteins. These proteins have 

a toxic effect on the surrounding neurons leading to cell 

death. mTOR signaling pathway blocks apoptosis to inhibit 

cell death, and is suspected to inhibit mechanisms related to 

clearing these unwanted misfolded protein aggregates.

Alzheimer disease (AD), the most common neurode-

generative disease, is characterized by progressive cognitive 

impairments associated with accumulation of amyloid-β 

plaques and neurofibrillary tangles. Upregulation of mTOR 

signaling is shown in both human tissue samples and murine 

models of AD.71 In a murine model, suppression of mTOR 

signaling reduced the formation of amyloid-β plaques and 

restored memory deficits.72 Inhibition of mTOR with rapamy-

cin has been shown to prevent cognitive impairment in the 

PDAPP transgenic mouse model. Temsirolimus reduced 

the accumulation of neurofibrillary tangles when mutant tau 

mice were treated before or after the initial signs of motor 

function impairment.73 Interestingly, Rheb GTPase overex-

pression has been shown to decrease the amyloid-β aggre-

gation, independent of mTOR. The AD brain has a reduced 

level of Rheb GTPase and may be a key regulator in plaque 

formation.74 Modulation of mTOR signaling has potential 

clinical implications for patients suffering from AD.

Parkinson disease (PD) is defined by death of dopamin-

ergic neurons located in the substantia nigra. Stress-related 

protein REDD1, is elevated in substantia nigra neurons 

from PD model and induction of cell death is through the 

inhibition of mTOR.75 Treatment with rapamycin in both 

in vivo and in vitro models disrupts REDD1 expression 

associated with neuron survival, thereby supporting mTOR’s 

role in PD.76

Huntington disease is an autosomal dominant mutation 

caused by a trinucleotide repeat expansion in the Huntington 

protein. Accumulation of misfolded mutant Huntington pro-

tein leads to neurodegeneration, affecting mainly the basal 

ganglia and the cerebral cortex. Catalytic mTORC1 and 

mTORC2 inhibitors both induce autophagy and aggregation 

in a Huntington disease neuronal cell model with inducible 

expression of Htt fragments.77 Rapamycin protects neurode-

generation in a fly model with polyglutamine expansions, and 

CCI-779 reduces protein aggregates and improves behavioral 

deficiencies.78,79

Recent studies also demonstrate a link between hyperac-

tivation of mTOR and misfolded SOD1 accumulation in the 

progressive motor neuron degenerative disease Amyotrophic 

lateral sclerosis (ALS) or Lou Gehrig’s disease. mTOR activ-

ity is critical for delayed disease progression in ALS mice 

models involving increased sensitivity to FASL-induced 

cell death.80

Role of mTOR signaling in cancer: 
review of recent data
PI3K/AKT/mTOR pathway regulation is disrupted in the 

majority of cancer types. Protein kinases associated with 

the activation of the pathway are generally overexpressed, 

hyperactivated, or constitutively active in cancer. Conversely, 

proteins that inhibit the pathway may be downregulated or 

contain mutations ablating their function. Often this trend 

in protein activity and abundance correlates to the stage and 

aggressiveness of the malignancy. Current investigations 

of mTOR inhibitors are underway to determine efficacy, 

potency, and adverse effects in clinical and preclinical 

trials. A brief summary of these clinical trials are outlined 

in Table 2.

Renal cell carcinoma
Temsirolimus is a Food and Drug Administration (FDA) 

approved drug for the treatment of renal cell carcinoma 

(RCC). In a Phase III trial with 626 poor-prognostic RCC 

patients enrolled, temsirolimus significantly increased overall 

survival to 10.9 months.81 It also increases progression-free 

survival from 1.9 to 4 months in patients diagnosed with 

metastatic RCC and with presentation of only mild or mod-

erate adverse effects.81
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Although, mTOR inhibitors increase the progression free 

survival (PFS), overall survival rates remain stunted and 

concerning. Combinational therapies of mTOR inhibitors and 

other common cancer therapies are proving to be a challenge 

due to toxicity. In a Phase I clinical trial, the combination 

of everolimus and sunitinib is associated with toxicities in 

patients with metastatic RCC.82 Also, in a Phase II clinical 

trial combining bevacizumab and everolimus has a toxic 

effect.83

Breast cancer
Multiple clinical trials have been conducted using mTOR 

inhibitors in woman diagnosed with receptor-positive breast 

cancer, and many show promising results. In 2009, a Phase II 

clinical trial concluded that everolimus had a synergistic effect 

with the aromatase inhibitor letrozole in postmenopausal 

woman. Patients who received everolimus had increased anti-

tumor response rate determined by palpitation (59%–68%), 

ultra sound (47%–58%), and Ki67 histological staining.84 The 

2012, GINECO Phase II study concluded that combination of 

tamoxifen and everolimus results in increased clinical benefit 

(42%–61%), increased time to progression (4.5–8.6 months) 

and a reduced risk of progression and death by 46% and 55%, 

respectively.85 In a randomized Phase III clinical trial, combi-

nation of everolimus and the aromatase inhibitor exemestane 

increased PFS in postmenopausal women diagnosed with 

receptor-positive breast cancer, compared to patients receiv-

ing the exemestane alone.86 Medium PFS in patients receiving 

the combinational therapy was 10.2 months compared to only 

4.1 months for patient’s receiving exemestane alone.86 The 

promising results of this study preceded the FDA’s approval 

of everolimus and exemestane combinational therapy for 

metastatic hormone receptor-positive breast cancer. More 

recently, the BOLERO-3 Phase III clinical trial, studied the 

efficacy of everolimus, and trastuzumab plus vinorelbine. 

Combinational therapy resulted in a significant increase in 

the time of PFS from 5.78 to 7 months.87 Adverse side effects 

in the everolimus treated group were increased by 22%, and 

would need to be considered and reduced in future clinical 

applications.87

Triple negative breast cancer is defined by the absence 

of estrogen receptor, progesterone receptor, and HER2/neu, 

and is resistant to common effective therapies for other types 

of breast cancer. Women diagnosed with triple negative 

breast cancer have increased recurrence and mortality rates. 

Currently, clinical trials are underway to combine chemo-

therapeutics or platinum-based drugs with mTOR inhibitors 

to help increase drug efficacy and PFS.

Neuroendocrine tumors
Neuroendocrine tumors (NETs) are a rare subset of hormone 

secreting tumors that can be divided into two subtypes, 

Table 2 Representative cancer clinical trials using mTOR inhibitors

Compound Combination  
compound

Trial status Malignancy No of  
patients

Response rate

RAD001  
(everolimus)

– Phase ii Biliary tract138 39 DCR: 44.7%, ORR: 5.1%, PFS: 3.2 mo, 
OS: 7.7 mo, TTP: 2.0 mo

– Phase ii wM139 61 ORR: 50%, MRR: 73%, RR: 2 mo,  
PFS: 21 mo

– Phase ii NHL72 77 ORR: 30% 5.7
– Phase iii Advanced pancreatic NeTs75 410 PFS: 11.0 mo
Gemcitabine Phase i PDAC140 27 MTD: 400 mg/m2/wk gemcitabine 

+5 mg/day everolimus
Octreotide  
(chemotherapeutic)

Phase ii Metastatic pancreatic NeTs141 115 SD: 80%, PFS: 16.7 mo

Paclitaxel-FeC Phase ii Triple-negative breast cancer142 62 RR: 47.8%
Letrozole  
(aromatase inhibitor)

Phase ii Breast cancer6 270 RR palpitation: 68% RR ultrasound: 58%

exemestane  
(aromatase inhibitor)

Phase iii Breast cancer6 724 PFS: 10.2 mo

Tamoxifen Phase ii Breast cancer68 111 RR: 61%, TTP: 8.6 mo, RRP: 46%,  
RDR: 55%

Trastuzumab Phase iii Breast cancer6 507 PFS: 7 mo
Temsirolimus – Phase iii RCC64 626 OS: 10.9 mo, PFS: 4 mo

– Phase iii MCL74 162 PFS: 4.8 mo

Abbreviations: DCR, disease control rate; MCL, mantle cell lymphoma; MRR, minor response rate; MTD, maximum tolerable dose; NeTs, neuroendocrine tumors; 
ORR, objective response rate; OS, overall survival; PDAC, pancreatic ductal adenocarcinoma; PFS, progression-free survival; RR, response rate; RCC, renal cell carcinoma; 
RRP, recurrent respiratory papillomas; RDR, reduction in death rate; SD, stable disease; TTP, time-to-progression; wM, waldenstrom macroglobulinemia; NHL, non-
Hodgkin lymphoma; mTOR, mechanistic target of rapamycin.
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pancreatic or carcinoid. Upregulation of the mTOR pathway 

is prevalent in almost all pancreatic NETs. In large-scale 

protein expression profiling studies performed by various 

groups, a direct correlation was found linking the expres-

sion abundance for endogenous mTORC1 regulator media-

tors, such as PTEN and TSC, and tumor proliferation rate, 

malignancy stage, and aggressiveness.88 These studies 

also show hyperactivation and/or overexpression of AKT, 

mTOR, 4EBP1, p70S6K, and eIF4E present in the major-

ity of NETs.89–91 The prevalence of dysregulation of mTOR 

signaling protein abundance and activation state makes this 

pathway a promising target for NET therapies.

Everolimus increases PFS and has been approved for 

the treatment of patients with advanced pancreatic NET in 

the US and Europe.92 Currently additional clinical trials are 

underway to determine if mTOR inhibition is more effective 

in combination therapies. RADIANT-1 was a Phase II clinical 

trial conducted to determine the efficacy of everolimus in 

metastatic pancreatic NETs patients with a history of failed 

chemotherapy. Overall, everolimus alone had an antitumor 

response in patients and the effects were exacerbated with the 

addition of chemotherapeutic octreotide. The well-tolerated 

combinational therapy results in 80% of the patients with 

stable disease and 16.7 month PFS.93

Carcinoid tumors are a group of gastrointestinal tumors 

found in the stomach, small intestine, appendix, colon, and 

rectum or may be found in the lung. Similar to pancreatic 

NETs, the mTOR pathway is overactive in a variety of car-

cinoid tumors and inhibition of this activation has clinical 

advantages when treating the disease. Dual PI3K/mTOR 

inhibition with BEZ235 decreases carcinoid growth and 

induces apoptosis when compared to PI3K inhibition alone.94 

With addition of the MEK inhibitor PD0325901 secretion of 

hormones from the tumor cells are also decreased, providing 

enhanced therapeutic benefit.94

Leukemia and lymphoma
Members of the PI3K/AKT/mTOR pathway are often hyper-

activated in tumor specimens from patients with non-Hodgkin 

lymphoma (NHL). A Phase II clinical trial using everolimus 

in relapsed aggressive NHL has shown promising antitumor 

effects. Seventy-seven patients were enrolled to receive 

the usual dose of 10 mg everolimus daily. Overall, 30% of 

patients responded to the treatment with a 5.7-month median 

duration of response. Twenty of these patients underwent 

partial remission and three achieved complete remission.95 

These results promise an increased benefit for patients with 

aggressive NHL receiving everolimus.

Patients diagnosed with large B-cell lymphoma and 

follicular lymphoma receiving temsirolimus have a signifi-

cant antitumor response.96 A randomized Phase III trial in 

relapsed mantel cell lymphoma (MCL), a subtype of B-cell 

lymphoma and one of the rarest forms of non-Hodgkin 

leukemia, demonstrated a higher overall response rate with 

temsirolimus compared with standard chemotherapy.97

In preclinical studies of acute myeloid leukemia (AML), 

the most common type of leukemia, AZD8055 treatment 

has antitumor benefits. Mice treated with AZD8055 showed 

reduced AML blast cell proliferation, inhibition of cell cycle 

progression, induction of caspase-dependent apoptosis and 

autophagy, as well as increased survival.98 Conversely, a recent 

study claims AML cells undergo autophagy as a survival 

mechanism, and suggests that using an inhibitor of autophagy 

in combination with dual mTORC1/mTORC2 inhibitors will 

provide a useful treatment for AML patients.99

In addition, an attempt was made to correlate specific 

mechanisms for constitutive activation of signaling pathways 

in acute lymphoblastic leukemia (ALL) and response to 

mTOR inhibition. In this study, treatment with RAD001 had 

a moderate antiproliferative effect and no apoptosis in TEL-

ABL expressing ALL cells, whereas inhibition of upstream 

PI3K resulted in both antiproliferation effects and cell death. 

Thus, RAD001 treatment alone is unlikely to be effective in 

ALL, and a dual inhibitor drug targeting approach is likely 

to be more effective in a broader range of ALL cells.100

Dysregulated mTOR signaling  
in other human diseases: review  
of recent data
Cardiovascular disorders
mTOR plays a fundamental role in cardiomyocyte growth, 

development, and function. Cardiomyocyte specific dele-

tion of mTOR is a lethal mutation affecting 92% of mice by 

the end of gestation.101 Ablation of mTORC1 or RAPTOR 

in cardiac specific knockout mice yields decreased cardio-

myocyte mitochondrial content, apoptosis, and ultimately 

death.102–104 Genetic knockout mice for proteins that regulate 

mTOR activity show a cardiac phenotype similar to mTOR 

knockout mice. Cardiac specific RHEB deficient mice pres-

ent with symptoms of cardiomyocyte hypertrophy, exhibit 

sarcomere maturation defects, reduced translation, and death 

at 8–10 days postnatal development.105

In stress conditions and aging, pharmacological 

inhibition of mTOR may provide therapeutic benefit for 

cardiomyocyte hypertrophy. Inducible genetic knockdown 
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and pharmacological inhibition of mTOR has been shown 

to prolong survival by attenuating age-related cardiovascu-

lar changes.106,107 Cardiac hypertrophy is the thickening of 

the ventricular walls in the apex of the heart often caused 

by stress of cardiac sarcomere proteins. Rapamycin abates 

isoproterenol-induced cardiac hypertrophy in adult rats by 

maintaining mitochondria structure and functionality.108

Recently, cardiomyocyte autophagy has also been 

shown to play a role in cardiac homeostasis. Cardiomyocyte 

autophagy must be tightly regulated to maintain a balance 

between the beneficial effect of proper heart function and 

damaged organelle elimination, without the detrimental 

outcome of heart failure.109,110 Cardiomyocyte specific 

PTEN knockout mice present with established hypertrophic 

cardiomyopathy and treatment with 2 mg/kg/day rapamycin 

repaired autophagy dysregulation.111

Atherosclerosis is a cardiovascular disease where lipid 

plaques build up in the lumen of arteries. Chronic plaque 

buildup causes hardening of the arteries, reducing oxygen-

rich blood flow throughout the body. Vascular calcification is 

a major risk factor for atherosclerosis and is utilized as a pre-

dictor of coronary heart disease.112 Vascular smooth muscle 

cell differentiation into osteoblast-like cells is a pivotal step 

in vascular calcification. Recently it has been shown that 

overexpression of mTOR is observed in these osteoblast-

like cells. Differentiation is inhibited by the downregulation 

of mTOR by siRNA or rapamycin.113 Lipid accumulation 

in atherosclerosis plaques causes an immune response and 

recruits monocytes. At the site of the lesion monocytes are 

differentiated into macrophages, and act to clear plaques by 

phagocytosis. Upon phagocytosis, macrophages undergo cell 

death and release their intracellular lipids enhancing plaque 

formation.114 Bone marrow transplant from mice deficient 

for macrophage specific RAPTOR resulted in reduced 

atherosclerosis.115

Diabetes
Chronic activation of mTORC1 contributes to obesity by 

promoting the storage and deposition of excess fat causing 

insulin resistance. Upon overfeeding, lipids are stored as trig-

lycerides in white adipose tissue. High levels of triglycerides 

are common in people with high blood cholesterol levels, 

obesity, diabetes, and heart problem. Synthesis of triglyc-

erides and differentiation of white adipose are mediated by 

mTORC1. RAPTOR knockout mice have improved insulin 

sensitivity, resistance to diet-induced obesity and hypercho-

lesterolemia, and increased quantities of brown fat as opposed 

to white fat.116 Also, mTORC1 indirectly upregulates the 

translation of PPARγ, the transcription factor responsible for 

the differentiation of preadipocytes.117,118

mTORC1 phosphorylates S6 kinase, which leads to a 

negative feedback loop affecting the activity of IRS-1 through 

the phosphorylation of Ser307 and Ser636/Ser639 sites that 

are associated with insulin resistance, whereas loss of S6 

kinase is protective against obesity and provokes insulin 

sensitivity.119 Type 2 diabetic mice treated with rapamycin 

significantly reduced body weight, heart weight, plasma 

glucose, triglyceride, insulin levels, and oxidative stress sug-

gesting increased cardiac function in these mice.120

Recent studies have also demonstrated the role of 

mTORC2 on lipid and glucose metabolism. Acute phar-

macological inhibition of mTOR causes insulin resistance, 

glucose intolerance, and increased lipid oxidation in vivo.121 

More specifically, AZD8055 stimulates GLUT4 translocation 

to the cell membrane in muscle tissues to allow intracellular 

glucose transport for metabolic utilization.121 Liver specific 

RICTOR knockout in mice led to hyperinsulinemia, hyper-

glycemia, hypolipidemia, glucose intolerance, deregulated 

glycolysis and gluconeogenesis through activation of AKT 

in an mTORC1-independent mechanism.122

Clinically, the antidiabetic drug Metformin is the first line 

therapy for treatment of diabetes mellitus Type 2. It inhibits 

the cells response to amino acid intake by blocking Rag 

heterodimer binding with mTORC1.123 Metformin reduces 

hyperglycemia primarily by reducing glucose production 

and improving insulin sensitivity. Drug resistance is devel-

oped with chronic metformin intake and currently treatment 

strategies are being developed to combat this caveat. One 

example is the use of AMPK activator R118 in preclinical 

models. R118 treatment results in increased skeletal muscle 

glycolysis and lipolysis, but does not supersede Metformin 

in liver glucose and fat metabolism regulation.124

Therapeutic perspectives: 
compounds currently in 
development that target the mTOR 
pathway, potential mTOR targets
The mTOR inhibitor rapamycin (sirolimus) has a mac-

rocyclic lactone structure and was first approved as an 

immunosuppressant for patients of solid organ transplants. 

Besides immunosuppressive properties, sirolimus also has 

fungicidal and antiproliferative characteristics. Second gene-

ration structural derivatives of sirolimus include temsiroli-

mus (42-[2,2-bis(hydroxymethyl)] rapamycin), everolimus 

(42-O-(2-hydroxyethyl) rapamycin) and ridaforolimus 
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(macrolide dimethylphophinic acid rapamycin-40-O-yl ester 

derivative of sirolimus, also known as deforolimus). These 

rapalogs inhibit mTOR by binding to the cytosolic protein 

FKBP-12.125

Although rapalogs have a similar mechanism of action, 

the drug pharmacokinetic/pharmacodynamic (PK/PD) 

profiles are a result of differences in metabolism, as well 

as drug formulation and dosing. Temsirolimus is an inac-

tive soluble ester with low oral bioavailability, but can be 

administered intravenously, whereby it is metabolized to an 

active sirolimus compound that has anticancer properties 

with improved pharmacokinetics and no immunosuppressant 

characteristics. Everolimus is orally bioavailable and with no 

active metabolites. Both temsirolimus and everolimus are can 

be used for RCC, although recommendations are for temsi-

rolimus use in treatment-naïve patients with metastatic RCC, 

whereas everolimus is recommended for patients with pro-

gressive metastatic RCC following VEGF receptor-tyrosine 

kinase inhibitor therapy.125 New studies also have identified 

several mTOR hyperactivating mutations that increase solid 

tumor sensitivity to sirolimus or everolimus.126,127

Because rapalogs have a primary effect as antiprolifera-

tive drugs to delay tumor growth, newer third generation 

mTOR inhibitors (TORkinibs, Table 3) were developed to 

block the mTOR kinase ATP binding site, and thereby target 

both mTORC1 and mTORC2. This strategy was undertaken 

as an alternative to rapalogs, which target mTORC1 but 

leave mTORC2 intact to activate a feedback loop to phos-

phorylate AKT and prevent apoptosis. Another strategy 

was to use inhibitors that act on the active site of PI3K and 

mTORC1/2 (Table 3).

Since cell survival and cytoskeletal organization can 

be regulated through increased mTORC2 kinase activity in 

some tumors and phosphorylation of its substrates, inhibition 

of both mTOR complexes may result in better antitumor 

effects. For example, FOXO1 signaling was highly activated 

in cells that were resistant to EGFR tyrosine kinase inhibitor 

(TKI), whereas dual mTOR inhibition resulted in prolifera-

tive defects and G1-cell cycle arrest in a broader range of 

sensitive and resistant cells.128 Thus, PI3K pathway inhibi-

tors have emerged as a possible solution to the problem of 

EGFR TKI resistance, and mTORC1/2 inhibition may be 

more effective for tumors that have acquired resistance to 

therapeutics. Moreover, preclinical experiments suggest that 

in some patients PI3K inhibitors may need to be combined 

with other pharmaceutical agents for effectiveness against 

aggressive tumors.129

Colon cancer stem cells also have been found to 

exhibit elevated mTORC2 expression. Moreover, SGK1 

was implicated as central to mTORC2 signaling because 

of the negative effect on tumor characteristics following 

its knockdown. The mTORC1/mTORC2 inhibitor Torin-1 

impeded growth, motility, invasion, and survival of colon 

cancer stem cells in vitro, and inhibited tumor growth and 

reduced vessel formation in vivo. Torin-1 was specific for 

tumor cells since it did not affect the survival of normal colon 

stem cells in vivo. Rather, Torin-1 affected the expression of 

markers for cell proliferation, angiogenesis, lymphogenesis, 

and stemness of colon cancer cells, including Ki67, DLL1, 

DLL4, Notch, Lgr5, and CD44.130 The differential effect of 

mTOR inhibition on cancer stem cells may influence tumor 

recurrence.

Table 3 Representative classes of mTOR inhibitors

Class of inhibitor Action Representative drugs Pipeline status

mTORC1 inhibitors  
(Rapalogs)

Bind allosterically to block  
FKBP-12 binding and  
inhibit mTORC1

Sirolimus (rapamycin; wyeth), 
everolimus (RAD001; Novartis), 
Temsirolimus (CCi-779; wyeth), 
Ridaforolimus (AP23573; ARiAD and MK-8669; Merck)

FDA approved

mTORC1/2 inhibitors  
(mTORKi or TORkinibs)

Bind to ATP-binding site  
of mTOR kinase to inhibit  
mTORC1 and mTORC2

AZD2014, AZD8055 (AstraZeneca) 
OSi-027 (OSi) 
iNK128 (intellikine) 
CC-223 (Celgene) 
PP242, PP30 (University of California) 
Torin-1, Torin-2 (Harvard)

Clinical/preclinical

Dual Pi3K/mTORC1/2  
inhibitors

inhibit Pi3K, mTORC1,  
and mTORC2

NvP-BeZ235 (Novartis) 
XL765 (exelixis) 
GSK2126458 (GlaxoSmithKline) 
SF1126 (Semafore) 
PF-04691502, PF-05212384 (Pfizer) 
Pi-103 (Merck)

Clinical/preclinical

Abbreviations: FDA, Food and Drug Administration; mTOR, mechanistic target of rapamycin.
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Also in support of a differential response to mTOR 

inhibitors, RAW 264.7 macrophages were stimulated 

with community-acquired-MRSA isolate in the presence 

of Vancomycin, and rapamycin or mTORC1/2 inhibitors 

(ie, Torin-1 or KU63794) were added alone and in various 

combinations. Cell supernatants were collected and assayed 

for TNF, IL-1, IL-6, IFN, and NO. Rapamycin was found to 

exhibit a significant induction–suppression biphasic response, 

whereas mTORC1/2 inhibitors did not exhibit induction and 

cytokine production was suppressed 50%–60%.131 Similarly, 

another recent study has shown that mTORC1/2 inhibition 

can inhibit inflammatory activity in lipopolysaccharide-acti-

vated RAW 264.7 cells.132 The differential effect of different 

mTOR inhibitors on inflammatory response could indirectly 

have an effect on tumor response.

ATP-competitive mTOR inhibitors, such as Torin-2, 

potently target mTORC1 and mTORC2.133 Torin-2 is also 

a potent inhibitor of ATR (ataxia telangiectasia and Rad3 

related), ATM (ataxia telangiectasia mutated), and DNA-PK 

(DNA-dependent protein kinase), and had more effective 

antitumor activity compared to rapalogs.134 Dose dependent 

cytotoxic activity of Torin-2 was observed in a panel of B-pre 

ALL cell lines, with an IC
50

 in the nanomolar range. Torin-2 

resulted in apoptosis and autophagy, induced G
0
/G

1
 cell cycle 

arrest, and affected both mTORC1 and mTORC2 activities. 

It suppressed feedback activation of PI3K/AKT, whereas 

RAD001 required the addition of the AKT inhibitor MK-2206 

to achieve the same effect. Strategies targeting PI3K/AKT/

mTOR at different points of the signaling cascade might result 

in improved treatment of B-pre ALL patients.135

Dual mTORC1/2 inhibition with Torin-2 also was found to 

be effective for papillary thyroid carcinoma (PTC). mTORC1 

and mTORC2 activity was observed in 81% and 39% of PTC 

samples, respectively. Coexpression of mTORC1/2 activity 

was identified in 32.5% (164/504) of PTC, and was linked 

with activated AKT and 4E-BP1. Torin-2 or gene silenc-

ing of mTOR expression resulted in inactivation of P70S6, 

4E-BP1, AKT, and Bad, as well as downregulation of cyclin 

D1. Torin-2 diminished cell viability and induced caspase-

dependent apoptosis in PTC cells, and blocked xenografted 

tumors. Collectively, dual targeting of mTORC1/2 activity 

is likely to be a therapeutic strategy for PTC.136

A new study suggests that glycogen synthase kinase-3 

(GSK3) is important for tumor response to mTORC1/2 

inhibitors. Disruption of GSK3 suppressed growth of cancer 

cells, constitutively activated GSK3β sensitized cancer cells 

to mTOR inhibition, and mTOR inhibitors reduced cyclin D1 

levels in a GSK3β-dependent manner. Inhibition of mTORC2 

resulted in proteasome-mediated cyclin D1 degradation, sug-

gesting that mTORC2 inhibition mediates GSK3-dependent 

reduction of cyclin D1. In contrast, expression of ubiquitin 

E3 ligase FBX4 rescued this cyclin D1 reduction, implicat-

ing FBX4 in mediating this effect of mTOR inhibition. The 

findings represent a novel mechanism by which mTORC2 

promotes cell growth, and provides justification for under-

standing the clinical action of mTOR inhibitors.137

Conclusion
PI3K/AKT/mTOR activation is frequently implicated in 

resistance to antitumor strategies. Inhibitors of the PI3K/

AKT/mTOR pathway are being evaluated in preclinical 

studies and in clinical trials to determine which classes of 

pathway inhibitors can restore therapeutic sensitivity when 

administered in combination.

Rapamycin and the rapalogs are allosteric inhibitors of 

mTORC1 and typically have weak activity against mTORC2. 

mTOR inhibitors have clinical benefit for patients with 

metastatic RCC and other cancer types. Rapalogs, such as 

everolimus, are approved by the US FDA for the treatment 

of advanced renal cell cancer and pancreatic NETs. However, 

the single-agent activity of rapalogs in most other tumor types 

is frequently described as moderate.

Rapamycin and its derivatives are generally cytostatic 

rather than cytotoxic. Multiple feedback loops regulate 

cell survival. In one of the primary feedback mechanisms, 

mTORC1 phosphorylation of S6K1 can promote turnover 

of IRS and attenuation of PI3K signaling. Inhibition of 

mTORC1 is able to accentuate PI3K signaling by blocking 

the negative feedback. Also as part of its regulatory function, 

mTORC1 signaling can inhibit mTORC2 by phosphorylation 

of RICTOR. Rapamycin may leave mTORC2-mediated AKT 

phosphorylation and activation operational. Thus, targeting 

multiple components within this signaling pathway or across 

different cross-talking pathways may provide better tumor 

control and overcome resistance mechanisms.

Currently several newer ATP-competitive mTOR inhibi-

tors are in the pharmaceutical pipeline and are being tested 

in clinical trials. TORKinibs inhibit both mTORC1 and 

mTORC2 and generally are more effective than rapamycin 

at inhibiting protein synthesis, AKT phosphorylation, and 

at inducing G1 arrest and/or apoptosis. TORKinibs are also 

valuable research tools for understanding the biology of 

mTORCs.

Increased toxicity can become a problem with more 

potent pan-kinase blockades. Overall, additional studies 

are needed to evaluate if inhibiting multiple components of 
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the PI3K/AKT/mTOR signaling cascade is more effective 

than blockade at a single mediator, and if mTORC1/2 or 

PI3K/mTORC1/mTORC2 inhibitors are more effective at 

establishing a more favorable balance for antitumor efficacy 

and drug tolerability.
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